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I N T R O D U C T I O N
With a nervous system of only 302 neurons, and a small repertoire of minimalist behaviors, the nematode worm Caenorhabditis elegans is a powerful system for neurobiology. However, the laboratory substrate most commonly used in C. elegans research-an agarose-filled petri plate-has four potentially serious limitations. First, an exposed agarose surface is very different from the habitats in which C. elegans is found in the wild, which include soil, compost, leaf and fruit litter, and several invertebrate hosts Félix 2005, 2007 ; Kiontke and Sudhaus 2006; Sudhaus and Kiontke 1996) . Second, it is difficult to regulate ecologically important stimulus parameters such as solute and odorant concentration (Bargmann and Horvitz 1991; Ward 1973) , temperature (Hedgecock and Russell 1975) , osmolarity (Culotti and Russell 1978) , and oxygen partial pressure (Gray et al. 2004 ) in the bulk agarose or on its surface. Third, neither the trajectory nor the waveform of individual worms is under experimental control. Fourth, agarose-filled plates are incompatible with the high-magnification, high-numerical-aperture microscope objectives required to resolve the minute, closely spaced neurons of this species and to optimize signal-to-noise ratios in optophysiological experiments (Kerr et al. 2000; Nagel et al. 2005 ). Thus C. elegans behavioral neurobiology would be accelerated by the introduction of a more naturalistic substrate that is amenable to experimental manipulations and imaging single cells.
A promising new approach to constructing substrates for nematode research is soft lithography, a microfluidic fabrication technique in which a transparent elastomer is cast against a mold that contains a negative version of the desired features (Sia and Whitesides 2003; Whitesides 2006) . Soft lithography fits hand and glove with C. elegans research in three significant respects. First, because the technique is based on high-resolution photolithography, one can easily build devices with arbitrarily shaped features (channels, chambers, ports, etc.) that match the size and shape of a microscopic worm. Second, the elastomer polydimethylsiloxane is both optically transparent and gas permeable, so the worm remains visible and viable. Third, fluid flow within microfluidic channels is laminar, a property that can be exploited to create local gradients and deliver fluid-borne stimuli with unusual precision.
Recently, several research groups have capitalized on the advantages of soft lithography to create devices that facilitate nematode research at a range of feature scales. At the microscopic scale, it has been used to build devices for worm restraint , optofluidic imaging (Heng et al. 2006) , automated sorting and screening (Rohde et al. 2007) , neuronal ablations (Hulme et al. 2007) , and localized chemical stimulation (Chalasani et al. 2007) . In devices at this scale, the worms are confined to close-fitting channels that, by design, prevent locomotion. At the macroscopic scale, soft lithography has been used to create long-term culture systems (Nahui et al. 2007) , structured agarose baths for swimming worms (Hwang et al. 2007) , and several types of two-dimensional mazes for behavioral choice experiments (Qin and Wheeler 2007; Zhang et al. 2005) . Here we present a new class of microfluidic devices for C. elegans research: agarose-free, micron-scale chambers and channels that allow the animals to crawl as they would on agarose, yet are compatible with optical recording at high numerical aperture.
We present two such devices. The first, which we refer to as the artificial soil device, consists of a fluid-filled matrix of microscopic posts that mimic soil particles. The second, which we refer to as the waveform sampler device, contains a set of sinuous microfluidic channels with a variety of amplitudes and wavelengths. Here we show that worms crawl with ease through both devices and we present novel experimental manipulations that can be performed to investigate sensory and motor behaviors in C. elegans.
M E T H O D S
Animals Nematodes (C. elegans, Bristol N2) were grown in mixed-staged cultures at 22.5°C on 1.7% agarose-filled plates containing nematode growth medium seeded with Escherichia coli strain OP50 (Brenner 1974) . All experiments were performed at room temperature (20 -23°C) on adult worms. Neurons were labeled with chameleon for fluorescence imaging (Fig. 7) , using an odr-2b::YC3.60 construct, that was prepared by standard procedures (Mello et al. 1991) .
Solutions
Chambers and channels were filled with buffered saline containing (in mM): 20 NaCl, 0.5 CaCl 2 , 0.5 MgSO 4 , 5 HEPES (pH 7.1), and glycerol to a final osmolarity of 175 mOsm. In the step-response assay ( Fig. 4) , the high NaCl solution contained (in mM): 100 NaCl, 1 CaCl 2 , 1 MgSO 4 , and 10 HEPES (pH 7.1). The low NaCl solution was the same except that it contained only 1 mM NaCl. Both solutions were balanced to a final osmolarity of 187 mOsm using glycerol.
Device fabrication
We fabricated the devices using standard soft lithography (Sia and Whitesides 2003) . Briefly, we used a transparency mask (ArtNetPro, San Jose, CA) to pattern features in a 50-m-thick layer of SU-8 photoresist (SU-8 2035, MicroChem, Newton, MA) on a silicon wafer (University Wafer, South Boston, MA) to form a master. Feature height was determined by the thickness of the SU-8 layer. The master was used as a template for molding devices in polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, Corning, NY) . Chlorotrimethylsilane (Sigma-Aldrich, St. Louis, MO) vapor, deposited for 2 min at atmospheric pressure, was used as a releasing agent. PDMS prepolymer was cast against the master and cured in an oven for 1 h at 100°C. After removing the PDMS from the template, fluid inlet and outlet holes, as well as worm injection ports, were punched with a sharpened stub needle (0.070 mm OD, 22 G). Devices were irreversibly bonded to 1-mm-thick glass plates (Bio-Rad, Hercules, CA) after preexposure to oxygen plasma (120 W, 2 s). Each inlet and outlet was fitted with a short stainless steel tube (12.7 mm length, 0.62 mm OD, 0.43 mm ID; New England Small Tube, Litchfield, NH) to which polyethylene tubing (0.99 mm OD, 0.58 mm ID; Scientific Commodities, Lake Havasu City, AZ) was attached to establish fluid connections. To load a worm into the device, we first sucked the animal into the tip of a length of polyethylene tubing using a 1-ml syringe. We then connected the tubing to the device and applied gentle pressure. Worms were removed from the waveform device by fluid pressure from the same syringe. However, this method did not work with the artificial soil device because pressure on the worm was insufficient to overcome the resistance provided by the pillars. Accordingly, to remove worms from the artificial soil device we first broke them up by sonication (10 -20 min), then flushed the device with water.
Step-response assay Single worms were transferred to the artificial soil device (post diameter, 100 m; minimum gap, 100 m) and allowed to accommodate to perfusion (0.65 ml/min) in the device for 2 min before the experiment began. The behavior of individual worms was scored by an observer who pressed computer keys to record the time of entry into two locomotory states: forward and reverse; the omega-turn state was included in the forward state. The behavior of individual worms was quantified as the probability of forward locomotion obtained by computing the fraction of time the worm resided in the forward state in consecutive 10-s bins. The behavior of control and experimental groups was summarized by computing binwise means of individual forward probabilities.
R E S U L T S

Artificial soil device
The artificial soil device consists of a 1 ϫ 1-cm hexagonal array of cylindrical posts, 50 m in height, formed by casting PDMS against a photolithographic mold (Fig. 1) . The PDMS is irreversibly bonded to a glass plate, which serves as a floor, forming an enclosed chamber. The worm inhabits fluid-filled spaces between posts, which mimic soil particles or other contact points that provide reaction forces for crawling in natural environments. The device is perfused via fluid reservoirs connected to the inlet and flow rate is regulated by a peristaltic pump that draws from the outlet. The perfusion solution is switched by means of manual valves. Worms are inserted using a fluid-filled syringe fitted with a small tube connected to one of four funnel-shaped injection ports ). Because the height of the chamber is Ͻ80 m, the diameter of an adult worm (White et al. 1986 ), the worm is slightly compressed; this feature facilitates neuronal imaging by reducing z-axis displacement of cells as the animal moves.
C. elegans propels itself mainly by undulatory crawling, in which thrust is produced by a wave of muscular contraction and relaxation as it travels along the body. On an undifferentiated agarose surface, C. elegans locomotion exhibits four main characteristics (Croll 1975a,b) . 1) Worms lie on their right or left side such that undulations are dorsoventral.
2) Instantaneous body posture is sinuous and frequently sinusoidal. 3) Locomotion is smooth and continuous, like gliding. 4) Locomotion involves three main states: forward crawling, in which the wave travels from head to tail; reverse crawling, in which the wave travels from tail to head; and the so-called omega turn, defined as head-to-body contact while the animal is moving forward.
We found that worms crawled without difficulty in the artificial soil device (Fig. 2, B and C). Crawling persisted for 3 h, the longest observation time in this study, which provides a lower bound on longevity in the device. Movement was undulatory and involved dorsoventral bends, as detected by noting the orientation of body bends with respect to ventral features such as the vulva. Instantaneous body posture was sinuous, but less frequently sinusoidal than on agarose, especially when the worm selected an alley between rows of posts ( Fig. 2B , elapsed time 7-17 s). Movement was smooth and continuous (Supplemental Movies S1 and S2), 1 and all three locomotory states were evident (Fig. 2, B and C and Supplemental Movies S1 and S2). We conclude that crawling in the artificial soil chip exhibits the main characteristics of crawling on an agarose surface (Croll 1975a,b) .
The topography of a hexagonal array of posts is defined by their diameter and the minimum gap between them. To explore the range of topographies through which worms can crawl, we fabricated nine devices, each with a unique combination of diameter and gap (Fig. 3 ). We found that worms crawled with ease through each device, indicating that crawling does not depend on a narrow range of topographies. Topography also affected the pressure required for fluid flow within the device by altering the cross-sectional open area. The array shown in 1 The online version of this article contains supplemental data. Previous work has shown that stepwise changes in the concentration of NaCl, a potent chemoattractant in C. elegans (Ward 1973) , elicit transient changes in the frequency of turning behaviors (Dusenbery 1980) , a response that contributes to chemotaxis in steep gradients (Miller et al. 2005) . We used NaCl step-response behavior to test whether normal sensory responses could be produced using the artificial soil device. To facilitate fluid flow in these experiments, we used the artificial soil device with the largest open area (Fig. 3C ). A single trial involved adapting the worm for 3 min to perfusion at 100 mM NaCl (Fig. 1 , reservoir A), then switching to perfusion at 1 mM NaCl (reservoir B) and monitoring the probability of forward locomotion. In parallel experiments to control for mechanical artifacts caused by subtle pressure changes that might occur during switching, both perfusion channels contained 100 mM NaCl (reservoirs A and C). To establish a fixed interval between switching the valves and the solution change experienced by the worm, a length of tubing was inserted between the junction and the inlet, as indicated in Fig. 1A , resulting in a 5-s delay between valve adjustment and the arrival of the solution front at the center of the chamber.
As expected, a downward step in NaCl concentration transiently reduced the probability of forward locomotion (Fig. 4) .
No response was seen in the control experiment, indicating that pressure changes, if they occurred, were not behaviorally relevant. The amplitude and time course of the depression in forward probability were consistent with previous observations of the response to similar concentration changes when worms are crawling on agarose-coated membranes (Miller et al. 2005) . We conclude that the C. elegans chemosensory responses are intact in the artificial soil device. Thus the device provides a new means of precisely regulating the sensory environment of unrestrained, freely crawling worms.
Waveform sampler device
The basic element of the waveform sampler is a sinusoidal channel, 50 m in height, with worm injection ports at the ends (Fig. 5) . The waveform device, like the artificial soil device, is a PDMS casting bonded to a glass plate to form an array of variously shaped channels. Each channel design has three F(1,38) , P Ͻ 10 Ϫ5 . Asterisks: post hoc t-test after Bonferroni correction, P Ͻ 0.05. sinusoidal domains with a common amplitude but different wavelengths. Channel designs were replicated in triplicate with widths of 60, 80, and 100 m because the best width could not be predicted in advance. After filling the desired channel with fluid, the worm is inserted using a fluid-filled syringe fitted with a small tube that can be connected to one of the ports. After insertion, the worm is deposited into the domain of choice by pushing or pulling on the syringe; the straight segments between domains prevent the worm from crawling between them.
We tested a set of six channels (Fig. 5 ). In this set, channel amplitudes ranged from 0.5 to twofold the peak-to-peak amplitude A (200 m) of a wild-type worm crawling on an agarose surface in the presence of bacterial food (Cronin et al. 2005) , whereas wavelengths ranged from 0.4 to threefold the nominal wild-type wavelength (500 m). The latter value was in the middle of the wavelength range (400 -600 m) for worms crawling in the presence of food (Cronin et al. 2005; Kawasaki et al. 1999) . For the adult worms used in this study, the best results were usually obtained with the 80-m channels; the 60-m channels were often too tight to permit movement, whereas the 100-m channels were generally too loose to restrict movements to the waveform prescribed by the shape of the channel. The cross-sectional area of the 80-m channels (4,000 m 2 ) was less than the cross-sectional area of the midbody of an adult worm (5,027 m 2 ); thus the worm was compressed against the top, bottom, and sides of the channel. This aspect of design helps to ensure good control of crawling waveform in addition to reducing z-axis movements of cells, as in the case of the artificial soil device.
In a survey of crawling in each of the channels, we found three distinct types of domains (Fig. 5) . 1) In the domains shown in green, worms were able to crawl and the worm's waveform matched the amplitude and wavelength of the channel. 2) In the domains shown in blue, worms were also able to crawl, but the worm's waveform amplitude was significantly less than the amplitude of the channel. This situation occurred because the effective width of the channel is increased in the tight turns at the channel peaks where adjacent channel segments on the inside of the turns overlap (Supplemental Fig.   S1A ). 3) In the domains shown in red, worms were unable to move. Following Gray's theoretical analysis of undulatory locomotion (Gray 1953) , the maximum tangential thrust F exerted by a half-wave obeys the proportionality
The three domains in which worms were unable to move correspond to the domains with the lowest F values in the device. It thus seems likely that in these domains worms were unable to generate sufficient thrust to overcome the friction that results from contact with the channel walls.
Using the green domains, we were able to experimentally control both wavelength and amplitude of robustly crawling individuals. For 80-m channels, the effective range was from 1.0A, 2.0 at the low-F limit, to 0.5A, 0.6 at the high-F limit. Examples of crawling with controlled waveforms are shown in Fig. 6 (see also Supplemental Movies S3, S4, and S5). In the waveform of a wild-type worm crawling on a conventional agarose substrate there are typically three peaks per body length ( Fig. 2A) . However, by experimentally manipulating waveform, we found that worms can crawl with ease when there is only one (Fig. 6B) or when there are as many as five peaks per body length (Fig. 6C) . This result implies that the mechanism for generation and propagation of the undulatory wave for crawling is independent of wavelength over a wide range, which may reflect an adaptation for crawling through complex, irregular natural substrates.
Imaging
C. elegans presents two main challenges in optical recording experiments using fluorescent probes (Kerr et al. 2000) . First, because they are quite small (diameter, 2 m), the cell bodies of C. elegans neurons contain a small amount of the probe and thus emit relatively few photons; this problem reduces the optical signal-to-noise ratio. Second, because the neurons are often closely packed (White et al. 1986) , it can be difficult to resolve individual neurons. Both problems would be addressed most effectively by the use of high-magnification, high-numerical-aperture microscope objectives. To demonstrate that the artificial soil and waveform sampler devices are compatible with such objectives, we bonded each device to a coverslip instead of a glass plate. We then imaged fluorescently labeled neurons as one might in an optophysiology experiment: with a conventional (nonconfocal) microscope fitted with a ϫ63/1.4 NA oil immersion objective (Fig. 7) . Using a strain in which the calcium sensor cameleon (Miyawaki et al. 1997 ) is expressed under the control of the odr-2b promoter (Gray et al. 2005) , which labels a small number of sensory neurons and interneurons in the head, we were able to clearly resolve individual, closely spaced neuron somata in both devices. Thus the new devices should facilitate optical recording experiments that require stimulus delivery or waveform and trajectory control in freely crawling nematodes.
D I S C U S S I O N
Here we present two types of agarose-free, micron-scale devices that allow nematodes to crawl as they would on agarose. Although the first device is specialized for stimulus delivery and the second device is specialized for waveform and trajectory control, both devices have a range of other uses.
Artificial soil device
The artificial soil device is likely to accelerate investigations of the behavior of C. elegans and its neuronal basis in three main respects.
1) The device provides a means of observing behavior in substrates that are more complex and, in some respects, more realistic than an agarose surface. The range of natural substrates that C. elegans frequents is not yet fully described (Kiontke and Sudhaus 2006) . However, sinusoidal locomotion on a smooth, undifferentiated agarose substrate almost certainly represents an idealized case. By contrast, in natural substrates in which C. elegans has been found so far, locomotion is likely to deviate significantly from this ideal because the worm must thread its way through a labyrinth of randomly distributed, closely packed obstacles. Thus it is reasonable to suppose that locomotion in natural substrates is far more complex than on agarose and, because natural substrates are opaque, much of this complexity may have been missed. The artificial soil device provides a means for re-creating at least some of this complexity in a transparent planar structure in which behavior can be directly observed and quantified. Such an approach replicates the complexity of natural substrates more conveniently and reproducibly than previous approaches for creating structured crawling environments, such as coating agarose with sand (Anderson et al. 1997) .
2) The device expands the range of substrate topographies that can be investigated. Here we studied worms crawling in a regular array of uniformly shaped posts, but artificial soil devices are, because of their photolithographic origin, almost infinitely configurable. For example, one could systematically manipulate the size, shape, and spatial distribution of the posts to produce customized substrates for testing theories of how thrust generation is related to body posture, or for investigating new aspects of behaviors such as the transition between crawling and swimming, or thigmotaxis and rheotaxis, forms of spatial orientation that depend on the extent of animal-substrate contact or current flow, respectively (Fraenkel and Gunn 1940) . Alternatively, one could fabricate devices from micrographs of cross sections of various natural substrates.
3) The device provides a new means of precisely regulating the amplitude, spatial distribution, and timing of ethologically relevant stimulus parameters such as tastants, odorants, temperature, viscosity, and oxygen partial pressure. The key advance provided by the device is the ability to induce crawling in submerged worms, which otherwise would swim. This advance is significant because it makes presenting a change in sensory input during free crawling a simple matter of selective perfusion. The new method is more convenient than previous methods such as the so-called concentration clamp (Miller et al. 2005) , in which the step is produced by exchanging fluids beneath an agarose-coated, microporous membrane. Also, with the addition of multiple perfusion lines, temporally complex stimuli such as ramps or pseudorandom inputs could be delivered; the latter would make it possible to use reverse-correlation techniques (Rieke et al. 1997) to study sensory encoding.
Here we used the artificial soil device to deliver changes in sensory input, but the device could also be used for controlled delivery of pharmacological agents, nutrients, and other experimental reagents.
The artificial soil device currently has three main limitations. First, the elastomer out of which the device is constructed mimics the microscopic structure of natural substrates but not their chemical properties. Second, the device is planar rather than three-dimensional, so it is not possible to simultaneously investigate movements along all three axes. Third, worms cannot be recovered intact from the device (see METHODS). The first limitation can be partly addressed by taking advantage of the fact that functional groups are easily attached to PDMS surfaces (Hu et al. 2002; Huang et al. 2006) . The second limitation can be addressed using multilayer fabrication techniques (Abgrall et al. 2006; Tsang et al. 2007) . The third limitation could be addressed by reversibly bonding the PDMS to the glass using a clamp.
Waveform sampler device
The waveform sampler device is likely to have applications at two distinct spatial scales.
1) At the micrometer scale (10 -100 m), the device allows one to experimentally manipulate the waveform of crawling worms. This feature should make it possible to test theoretical predictions concerning the relationship between waveform and undulatory thrust (Gray 1953) . The device can also be used to induce a specific spatiotemporal pattern of body postures by forcing a worm through a channel using hydrostatic pressure (Lockery, unpublished observation). Such manipulations could be useful for investigations of the neuronal basis of proprioception Liu et al. 1996) .
2) At the centimeter scale (1-10 cm), the device provides a means to control the trajectory of a crawling worm. Trajectory control could be used to simplify automated behavioral tracking experiments (Pierce-Shimomura et al. 1999 ; Waggoner et al. 1998; Williams and Dusenbery 1990) , by reducing a two-dimensional tracking problem to, in effect, a one-dimensional problem. Such tasks include optical recording and targeting worms for photostimulation (Nagel et al. 2005) . Another application is what might be termed a behavioral replay experiment. Here an image of the trajectory of a freely crawling worm can be captured and reproduced as a microfluidic sinusoidal channel (Lockery, unpublished observation). Using this approach one could, for example, induce wild-type worms to follow the tracks of mutant worms and vice versa.
Imaging
A behavior that closely resembles crawling can be induced in a submerged worm by compressing the animal in a lowprofile chamber, called the behavior chip, that is slightly wider than the worm ). Like the devices described here, the behavior chip is bonded to a coverslip, making it compatible with high-numerical-aperture, high-magnification microscope objectives. In contrast to its behavior in the artificial soil and waveform sampler devices, the worm does not actually translocate in the behavior chip because it has nothing to push against. As a consequence, the worm likely experiences proprioceptive and exteroceptive inputs that are somewhat different from those of a moving worm, which could be a disadvantage in some experiments. However, the behavior chip has the advantage that because the worm is effectively stationary, a tracking system is not needed to keep it in view in optophysiology experiments (Clark et al. 2007 ).
Conclusion
The artificial soil and waveform sampler devices add important new features to the microfluidic toolkit for experimental investigations of C. elegans. These features include a closer match to the microscopic structure of natural substrates, temporally and spatially precise delivery of a wide range of stimuli to freely crawling worms, and experimental control of locomotion waveform and trajectory. Significantly, both devices can be made compatible with high-magnification, high-numerical-aperture microscope objectives. Thus combined with a tracking system, the new devices could make it possible to resolve minute, closely spaced neurons in optophysiological experiments in freely crawling nematodes. Finally, the new devices can readily be incorporated into multicomponent microfluidic systems for high-throughput screening of locomotion phenotypes in response to neuronal ablations, mutations, and novel pharmacological agents (Hulme et al. 2007; Nahui et al. 2007; Rohde et al. 2007 ). 
